Currently, the need for more efficient materials that work in the visible light spectrum for hydrogen production has been increasing. Under this criterion, ferrites are ideal because their energetic properties are favorable to photocatalysis as they have a low band gap (1.5 to 3 ev). In this particular research, ferrite is presented as a hydrogen producer. Cobalt ferrites were synthesized by chemical coprecipitation (CP) and ball milling (BM) for comparison of their performance. The characterization of the materials was carried out with X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), BET surface area, UV-VIS spectroscopy, and water adsorption/desorption tests. Evaluation of the photocatalytic activity under visible light was followed by gas chromatography. The results showed that cobalt ferrite by ball milling had a higher photocatalytic activity; this is attributed to the vacancies generated during the milling process at which the sample was exposed.
Introduction
Recently, hydrogen has received considerable attention as a next generation energy carrier. While several technologies can be used to generate hydrogen, only some of them can be considered environmentally friendly. There is a general perception that hydrogen is obtained through clean technologies, but this may not be necessarily true. If hydrogen is produced from natural gas (steam reforming), coal, or biomass (gasification), a large amount of energy is used, not to mention a substantial amount of CO 2 generated as a byproduct. In order to avoid the CO 2 generation and a high energy consumption during hydrogen production, the splitting of the water molecule, together with the use of an alternative source of energy like hydraulic, wind or solar can be considered as the best option to produce hydrogen. From these alternative energies, solar is the most promising approach, since limitations related to the required space are less demanding.
Hydrogen production via the splitting of the water molecule using solar energy can generally be classified into three types: thermochemical, photobiological, and photocatalytic. The principle of the water splitting is thermochemically achieved using concentrators to collect heat from the sun, which can normally reach about 2000 ∘ C, and using the collected heat to carry out the dissociation reaction of the water molecule in the presence of a catalyst such as ZnO [1] [2] [3] [4] [5] . Although this technique seems to be unsophisticated, the management/heat control and the quest for heat resistant materials have become a major challenge. In addition, high concentration solar systems are essential to achieve the requirement of high temperature, which makes this technique often expensive.
The photobiological water splitting [6] [7] [8] can be divided into two groups based on the selected microorganisms, the generated products, and the reaction mechanisms involved. Hydrogen production by oxygenic photosynthetic cyanobacteria or green algae under irradiation of light and anaerobic conditions is referred to as water biophotolysis, while producing hydrogen for anoxygenic photosynthetic bacteria under light irradiation conditions is known as anaerobic organic biophotolysis.
Despite the fact that water biophotolysis is a "clean" way to produce hydrogen, this still has several problems waiting to be solved, including low hydrogen yield, enzymes poisoning by the presence of oxygen, and the difficulty in design and scaling of a bioreactor for the process.
Moreover, the photocatalytic splitting of the water molecule is another promising technology to produce "clean" hydrogen. Compared to the thermochemical and photobiological process, this technology has the following advantages: the low cost of the process and the ability to separate the hydrogen and oxygen evolution during the reaction and suitable systems for domestic applications with small reactors, thus providing a huge market potential.
Currently, TiO 2 is the most common and widely studied photocatalyst. This is because of its high stability and photocorrosion resistance, a phenomenon that occurs with most common semiconductor materials that can be used. However, their efficiency is very low and the process is limited to the use of high-energy radiation (UV) sources. Radiation of these characteristics can only be provided from artificial mechanisms with the consequent energy expenditure, because the UV light occupies only 4% of the sunlight, which is a limiting factor for the photocatalytic technology using TiO 2 as a catalyst.
This process for hydrogen production is unique in the sense that it is generated from solar energy, which would become a large clean and economic path for energy generation.
It is in this sense that the search for a photocatalyst activated under solar radiation (visible light occupies 43% of the solar spectrum) and highly effective becomes one of the most important challenges in this technology.
One of the synthetic methods used for the preparation of photocatalysts is the coprecipitation technique, as it helps in obtaining a powder precursor of high homogeneity, by precipitation of intermediates (typically hydroxides or oxalates), so it is an economical synthesis technique. Another easy access and low cost synthesis method is by mechanical milling, which uses more available raw materials, and cheaper than other methods [9, 10] . Mechanical milling processes not only can produce an alloy but also can cause chemical reactions, besides obtaining nanometric size particles [11] .
Ferrites are viable alternative materials to TiO 2 to be used as photocatalysts for hydrogen production; transition metal ferrites have a number of advantages, mainly emphasizing their low cost, effective catalytic activity, corrosion resistance, and most importantly their wide band gap into the visible light spectrum [12] [13] [14] . The selection of these materials is based on the redox activity and especially their ability to store oxygen in its crystalline lattice. Ferrites have a tendency, when burned under reducing atmospheres, to form compounds with oxygen defects, which facilitates the fixation of oxygen in the existing vacancies. Therefore, these materials are excellent candidates for the production of hydrogen from water, while providing the solar energy needed for the process. Therefore, the main objective of this study is to synthesize cobalt ferrites by chemical coprecipitation (CP) and mechanical milling (BM) and to determine the effect of the synthesis method on the ferrite photocatalytic activity towards the production of hydrogen.
Materials and Methods
2.1. Synthesis. CoFe 2 O 4 spinel was prepared by coprecipitation (CP) starting from nitrate precursors and modifying the procedure reported by Hu et al. [15] . In this method Fe(NO 3 ) 3 ⋅9H 2 O and Co(NO 3 ) 2 ⋅6H 2 O solutions were added to NaOH as a precipitating agent. The obtained precipitate was filtered and washed to remove any sodium residue. Thereafter, the residue was dried and placed in an agate mortar to obtain a fine and homogeneous powder. Nanosized crystalline oxide powder was obtained by exposing this to a moderate heat treatment at 250 ∘ C by 6 hours, followed by 1 h at 350 ∘ C. For the preparation of CoF 2 O 4 particles by the mechanical milling (BM) technique, the procedure consisted of employing metallic Fe and Co 3 O 4 as precursors in a molar ratio of 2 : 1. Once the material was in stoichiometric amounts, this was mixed and exposed to 700 ∘ C by 4 hours. Subsequently, in order to both obtain the desired spinel phase and reduce particle size, the sample was subjected to mechanical milling with an effective time of 12 hours. The milling was carried out in a Spex CertiPrep 8000M Mixer/Mill, using a weight ratio of balls (0.7 cm) to powder ( : ) of 10 : 1. To perform this synthesis a D2 steel vial was manufactured and exposed to a heat treatment; this consisted of an austenitizing temperature of 1010 ∘ C, oil quenching, and tempering at a temperature varying from 300 to 400 ∘ C. In order to determine the temperatures to be used during the calcination of the samples thermogravimetric analyses were carried out from powders obtained during each synthesis. These analyses were performed in a TGA Instrument TA Q500, using an initial sample weight of about 14 to 15 mg placed in a platinum crucible and employing a heating rate of 10 ∘ C/min from room temperature to 980 ∘ C under an air flow.
Characterization.
Characterization of the samples was performed by X-ray diffraction (XRD) using a PANalytical X'Pert PRO diffractometer with X'Celerator model detector, scanning electron (SEM), and transmission (TEM) microscopy using a JSM-7401F and a Philips model CM-200, respectively. BET surface area was determined by employing an Autosorb-1 equipment and UV-Vis spectroscopy on a Perkin Elmer lambda 10 model. The water vapor adsorption/desorption tests were performed by TGA. These tests were achieved by heating about 14 to 15 mg of sample at 130 ∘ C under a nitrogen flow (100 cm 3 /min) for 20 minutes to clean the sample surface and followed by an isotherm at 35 ∘ C to monitor the water adsorption/desorption behavior in a TA Instrument Q500 TGA. In order to evaluate the presence of oxygen vacancies within each sample, TGA reductions were made using a 5% H 2 /N 2 and a flow rate of 100 cm 3 /min, at a heating rate of 10 ∘ C/min from room temperature to 750 ∘ C. Photocatalytic ferrites were evaluated by splitting of the water molecule, using a 250 W mercurial lamp and adding methanol to the water reactor system as sacrificial agent (2% vol). The reaction was monitored by gas chromatography using a gas chromatograph (GC) Perkin Elmer Clarus 500. The system setup employed for carrying out the photocatalytic evaluation of the materials is presented in Figure 1 . This system is composed of a photoreactor, artificial lighting, and GC analysis equipped with a personal computer data collection.
In order to monitor the photocatalytic reaction, gas samples were taken at regular time intervals using a 1 mL syringe for gases through a septum located at the upper section of the photoreactor. A sample under darkness was taken at the initial concentration and then the sampling took place every hour up to a total of 8 hours of irradiation.
Results and Discussions

Thermogravimetric Analysis.
Determination of the heat treatment temperature of the precipitate product for sample CoFe 2 O 4 CP during its synthesis was found using a temperature scan through thermogravimetric analysis. These results were used to establish the temperature and time of heat treatment for this sample. This treatment consisted of keeping the sample for 6 hours at 250 ∘ C and 1 h at 350 ∘ C; this was set in order to achieve the CoFe 2 O 4 spinel phase, while maintaining a nanometric particle size in the sample; the slower kinetics is compensated by providing a prolonged heat treatment time (6 hours) [16] .
In the case of the CoFe 2 O 4 BM sample, determination of the calcination temperature of the Fe and Co 3 O 4 mixture was established according to a thermogravimetric analysis. Figure 3 shows the thermogram of the Fe and Co 3 O 4 mixture in a stoichiometric ratio (CoFe 2 O 4 BM), where it is clear that at 700 ∘ C the sample is thermally stable [17] . From the above analysis, it was established that the heat treatment was set to 700 ∘ C by 4 hours. Subsequently, the sample was exposed to a mechanical milling process for 12 hours of effective time. However, for the case of the ferrite obtained by chemical coprecipitation, the Fe 2 O 3 phase was also detected; nevertheless, some of the signals from this phase overlap with the CoFe 2 O 4 phase. This result can be explained considering the phase diagram of Fe-Co-O 2 system ( = 1 atm, = 300-1400 ∘ C). This result can be explained considering phase diagram of the Fe-Co-O 2 system at lower temperatures than 1400∘C, atmospheric pressure, and stoichiometric ratios of Co and Fe ions, which predicts that the solid will consist of a mixture of cobalt ferrite and hematite (Fe 2 O 3 ) . The phase diagram predicts that the solid will consist of a mixture of cobalt ferrite and hematite (Fe 2 O 3 ). For the sample CoFe 2 O 4 BM, where the initial mixture of metallic Fe and Co oxide is exposed to energetic conditions such as high temperature and impact, cobalt ferrite spinel is readily possible [18] .
X-Ray Diffraction (XRD).
From X-ray patterns information and through the Scherrer equation, it was possible to calculate the crystal sizes of the materials. The sample CoFe 2 O 4 CP presents a crystal size of about 20 nm while CoFe 2 O 4 BM sample exhibits a crystal size of around 5 nm, which is extremely smaller than that of the CoFe 2 O 4 CP sample. These results are expected, since, by comparing the width of the peaks of both diffraction patterns, it can be clearly seen that the broadening increase of the XRD peaks for the CoFe 2 O 4 BM sample, consistent with a decrease of the crystal size, unlike the pattern for the CoFe 2 O 4 CP sample, presents narrow and sharp peaks, indicative of a larger crystal size.
Scanning and Transmission Electron Microscopy.
Scanning and transmission electron microscopy were used to determine the morphology and particle size of the samples under study. Figure 5 shows SEM images for samples CoFe 2 O 4 CP and CoFe 2 O 4 BM showing that both materials are formed of irregularly shaped agglomerates. In Figure 5 , CoFe 2 O 4 CP (a) shows the presence of two morphologies. The first is formed by agglomerated nanoparticles, which corresponds to the spinel phase, and the second is composed by plate-shaped particles of larger size that corresponds to hematite while sample CoFe 2 O 4 BM (b) is formed by large agglomerates, which are composed of particles presenting clear evidence of sintering, and is attributed to the high temperature employed during the synthesis process (700 ∘ C). Figure 6 shows TEM images of the synthesized cobalt ferrite samples, while by analyzing the image for CoFe 2 O 4 CP sample a particle size of around 25 nm can be estimated. This behavior can be associated with the control of the precipitate formation during the synthesis process, which is achieved by a strict flow regulation of the precursor's solutions (both of Co and Fe). Controlled flow induces a slow kinetics behavior for particle nucleation and growth, which makes particles reach nanometer sizes. Comparing the above results with those Journal of Nanomaterials reported by Zi et al. [19] (who also synthesized cobalt ferrite by coprecipitation) it was found that research, which reported powders with a particle size between 20 and 30 nm, showed very similar behavior to sample CoFe 2 O 4 CP.
Moreover, in Figure 6 it can be seen that sample CoFe 2 O 4 BM exhibits highly compact agglomerates (where the ultrasonic process was not effective to disperse the sample) with sizes between 100 and 500 nm, and these formed by particles of about 20 nm that apparently were fused together. The formation of these densified agglomerates is associated with the exposure of the material to the synthesis temperature of 700 ∘ C, confirming the results observed by SEM. However, this sample is nanocrystalline (according to XRD results) and these highly densified agglomerates tend to behave as a particulate material.
BET Surface Area (Brunauer, Emmett, and Teller) and Adsorption Isotherms.
Values of specific surface areas for the photocatalyst synthesized by chemical coprecipitation and mechanical milling were 20 and 4 m 2 /g, respectively. These values can be explained from particle size results determined by transmission electron microscopy.
Sample CoFe 2 O 4 CP that corresponds to a particle size of 25 nm presented a higher surface area (20 m 2 /g) compared to sample CoFe 2 O 4 BM, which exhibited significantly large particles (agglomerates), ranging from 100 to 500 nm, which results in a surface area of only 4 m 2 /g. The decreasing trend in the specific surface area of materials subjected to mechanical milling can be attributed to a strong aggregation between particles promoted by intensive milling, as reported by Cedeño-Mattei et al. [20] . Figure 7 shows adsorption isotherms for samples CoFe 2 O 4 CP and CoFe 2 O 4 BM, where it can be seen that both samples show no hysteresis, suggesting that these samples are nonporous solids. These results are expected since mechanical milling and coprecipitation synthesis methods generally produce nonporous materials. Figure 8 presents [21] reported very similar values (∼1.5 eV) to those obtained experimentally. This behavior can be explained with findings reported by Chavan et al. [22] , who found that the band gap is highly dependent on the particle size; as the particle size of a ferrite type semiconductor increases, its forbidden band decreases, and vice versa. Therefore, by comparing the band gap values between the studied samples, it is expected that the CoFe 2 O 4 CP sample presents a greater band gap (1.38 eV) than sample CoFe 2 O 4 BM (1.15 eV). This is because CoFe 2 O 4 CP is formed by particles of 25 nm size, whereas this is opposite for the case of sample CoFe 2 O 4 BM where the particle size (agglomerates) is significantly higher (100-500 nm). Figure 9 shows graphs of water adsorption/desorption gravimetric isotherms of the synthesized materials. Comparing the water adsorption/desorption capacities of both materials it can be observed that there is a significant difference between the CoFe 2 O 4 CP sample and the sample synthesized by mechanical milling (CoFe 2 O 4 BM). to ball milling process. Thus, as the density of the vacancies increases due to collisions during ball milling process, these vacancies presumably generate a material that presents higher water adsorption capacity. Figure 10 shows weight loss of each sample due to oxygen release through the reduction of the ferrite.
UV/Vis Spectroscopy.
Water Adsorption and Desorption (Gravimetric Method).
The theoretical amount of O 2 released by the complete reduction of CoFe 2 O 4 is of 27.3%W. In this figure, it can be seen that CoFe 2 O 4 CP exhibited a slight higher weight loss (27.9%W) than the theoretical value; this can be attributed to the presence of a small amount of Fe 2 O 3 , which can be responsible for this small increase while the lower weight loss (25.6%W) that CoFe 2 O 4 BM undergoes can be associated with an important amount of oxygen vacancies that were generated during the ball milling of this material. Figure 11 shows results of the photocatalytic evaluation per mass of photocatalyst after 8 hours of irradiation for the synthetized samples and TiO 2 P25 (reference commercial photocatalyst). In this figure, the hydrogen evolution in mol/g versus time is plotted.
Photocatalytic Evaluation.
An analysis of Figure 11 indicates that the photocatalytic activity towards hydrogen production after 8 hours of irradiation for sample CoFe 2 O 4 CP exhibited about 2540 mol/g, whereas the activity for sample CoFe 2 O 4 BM was 3490 mol/g. Photocatalytic hydrogen from TiO 2 P25 under the same irradiation time was only 250 mol/g. This behavior can be attributed to the fact that the irradiation energy employed during the experiment was lower than the one needed to activate the TiO 2 P25 sample. Although both samples can be activated under visible light, photoactivity results can be explained in terms of the morphological, textural, chemical, and surface properties that each synthesis method generates on these ferrites.
The behavior toward hydrogen production by the ferrites observed during the first five hours of irradiation indicates that CoFe 2 O 4 CP presents a higher production rate than that of the CoFe 2 O 4 BM. This behavior can be explained in terms of the specific surface area of each material. Figure 12 shows results of the photocatalytic evaluation per specific surface area of photocatalyst after 8 hours of 8 Journal of Nanomaterials irradiation for the synthetized samples and TiO 2 P25 (reference commercial photocatalyst).
In this figure, it can be observed that when applying the area effect to the photocatalytic hydrogen production, the production rate for sample CoFe 2 O 4 BM is significantly higher than that exhibited by CoFe 2 O 4 CP during the entire irradiation time. These results confirm the relevance of the available surface area for the photoactivation and for all other surface phenomena involved during the catalytic water splitting reaction, such as adsorption.
Moreover, the superior photocatalytic activity of sample CoFe 2 O 4 BM compared to CoFe 2 O 4 CP can be explained by the findings of Zhang et al. [23] and Geng et al. [24] who reported that the mechanical milling causes a significant increase of vacancies in the solid sample. Thus, a greater amount of hydrogen can be produced due to a high water adsorption capacity of the material. This adsorption capacity presumably can be associated with oxygen vacancies within the material.
It is important to address that even though some studies are reported for the photocatalytic degradation of contaminants and dyes, so far no studies have been reported using CoFe 2 O 4 for the production of hydrogen, which makes the activity of this material a significant finding [25, 26] .
Conclusions
Cobalt ferrite was successfully synthesized through two different techniques (CoFe 2 O 4 CP and CoFe 2 O 4 BM), one by chemical coprecipitation and the other by mechanical milling. These materials presented a band gap energy within the visible light range, 1.38 and 1.15 eV, respectively, both exhibiting photocatalytic activity towards hydrogen production. However, sample CoFe 2 O 4 BM has better photocatalytic activity compared to CoFe 2 O 4 CP, which is explained by a high water adsorption capacity of CoFe 2 O 4 BM. This adsorption capacity presumably can be associated with oxygen vacancies within the material.
This greater water adsorption capacity related to oxygen vacancies present in the ferrite obtained by ball milling results in a better photocatalytic activity (3490 mol g −1 ) than that synthetized through chemical coprecipitation CoFe 2 O 4 CP (2540 mol g −1 ). Even though cobalt ferrite has been used in studies for the photocatalytic degradation of organic pollutants; up to date no studies have reported the use of CoFe 2 O 4 for the production of hydrogen under visible light irradiation, which makes the activity found for this material a significant finding.
